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(57) ABSTRACT

A method of forming a semiconductor device includes form-
ing a first conductive layer over the substrate. A dielectric
layer, having a first opening, is formed over the first conduc-
tive layer. A seed layer is deposited over the first dielectric
layer and in the first opening. A layer is formed of conductive
nanotubes from the seed layer over the first dielectric layer
and over the first opening. A second dielectric is formed over
the layer of conductive nanotubes. An opening is formed in
the second dielectric layer over the first opening. Conductive
material is deposited in the second opening.

10 Claims, 5 Drawing Sheets
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SEMICONDUCTOR DEVICE HAVING A
NANOTUBE LAYER AND METHOD FOR
FORMING

RELATED APPLICATIONS

This is a divisional of U.S. patent application Ser. No.
13/358,137, filed on Jan. 25, 2012, and assigned to the current
assignee hereof.

BACKGROUND

1. Field

This disclosure relates generally to semiconductor pro-
cessing, and more specifically, to a semiconductor device
having a nanotube layer and method for forming.

2. Related Art

As semiconductor technology progresses towards smaller
dimensions, metal interconnects become prohibitively resis-
tive and more susceptible to reliability failures. For example,
as via aspect ratios continue to increase, the filling of the via
openings with metal becomes increasingly difficult. Further-
more, there is a need to make interlayer dielectrics having
ever decreasing dielectric constant, k. The industry has pur-
sued carbon containing low-k dielectrics; however, they
introduce problems such as uncontrollable porosity and low
structural integrity.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and
is not limited by the accompanying figures, in which like
references indicate similar elements. Elements in the figures
are illustrated for simplicity and clarity and have not neces-
sarily been drawn to scale.

FIG. 1 illustrates a semiconductor device at a stage in
processing, in accordance with one embodiment of the
present invention.

FIG. 2 illustrates the semiconductor device of FIG. 1 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 3 illustrates the semiconductor device of FIG. 2 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 4 illustrates the semiconductor device of FIG. 3 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 5 illustrates the semiconductor device of FIG. 4 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 6 illustrates the semiconductor device of FIG. 5 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 7 illustrates the semiconductor device of FIG. 6 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 8 illustrates the semiconductor device of FIG. 7 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 9 illustrates the semiconductor device of FIG. 8 at a
subsequent stage in processing, in accordance with one
embodiment of the present invention.

FIG. 10 illustrates the semiconductor device of FIG. 9 ata
subsequent stage in processing, in accordance with one
embodiment of the present invention.

DETAILED DESCRIPTION

A semiconductor device is formed in which a homoge-
neous nanotube layer operates as both a via conductor and an
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interlayer dielectric material at different locations. For
example, a first plurality of conductive nanotubes of the nano-
tube layer operates as a via conductor while a second plurality
of conductive nanotubes of the nanotube layer of the same
nanotube layer simultanecously operates as an interlayer
dielectric material. In one embodiment, the homogeneous
nanotube layer is deposited with relatively tunable porosity
and hence dielectric constant. A thin patterned dielectric
deposited and patterned before the nanotube layer is used to
define the via locations. Therefore, those portions of the nano-
tube layer which are to operate as a via conductor are defined
by openings in the thin patterned dielectric layer underneath
the nanotube layer. The remaining portions of the nanotube
layer operate as the interlayer dielectric material. By using
nanotubes for the conductive via, a conductive via with low
electrical resistance, high thermal conductivity, and high
mechanical stability can be achieved. Also, by using the nano-
tubes for the interlayer dielectric, a low-k dielectric can be
achieved with high structural integrity. In this manner, a
homogeneous nanotube layer may be used to provide both an
improved conductive via and improved interlayer dielectric
material.

FIG. 1 illustrates a semiconductor device 10 at a stage in
processing. Semiconductor device 10 includes a conductive
layer 14 formed over underlying layers 12. Underlying layers
12 may include a semiconductor substrate and any number of
layers, which may include circuitry and interconnect layers,
over the semiconductor substrate. The semiconductor sub-
strate can be any semiconductor material or combinations of
materials, such as gallium arsenide, silicon germanium, sili-
con-on-insulator (SOI), silicon, monocrystalline silicon, the
like, and combinations of the above. In one embodiment,
conductor layer 14 corresponds to a conductive line which is
part of an interconnect layer of semiconductor device 10 to
which a conductive via is to make electrical contact. In one
embodiment, conductive layer 14 is copper. Alternatively,
other metals may be used.

FIG. 2 illustrates semiconductor device 10 of FIG. 1 at a
subsequent stage in processing. In FIG. 2, a conductive layer
16 is formed over conductive layer 14. In one embodiment,
conductive layer 16 includes a titanium barrier layer over
conductive layer 14 and a tantalum contact layer over the
titanium barrier layer. In alternate embodiments, other metals
may be used in addition to or in place of titanium and tanta-
lum. Furthermore, conductive layer 16 can include any num-
ber of conductive layers, including a material which provides
an ohmic contact for the subsequently formed conductive via.

FIG. 3 illustrates semiconductor device 10 of FIG. 2 at a
subsequent stage in processing. In FIG. 3, a dielectric layer 18
is formed over conductive layer 16. In one embodiment,
dielectric layer 18 may be formed by deposition. In one
embodiment, dielectric layer has a thickness of less than or
equal to 10 nanometers and may include an oxide or a nitride,
such as, for example, Si;N,, SiON, etc. Dielectric layer 18
may also be a low-k silicon layer. Dielectric layer 18 may also
include multiple layers.

FIG. 4 illustrates semiconductor device 10 of FIG. 3 at a
subsequent stage in processing in which dielectric layer 18 is
patterned to form an opening 20. Opening 20 extends through
dielectric layer 18 to expose conductive layer 16. As will be
described in more detail below, opening 20 defines a location
of a conductive via of semiconductor device 10.

FIG. 5 illustrates semiconductor device 10 of FIG. 4 at a
subsequent stage in processing in which a seed layer 22 is
formed over a top surface of dielectric layer 18 and an
exposed top surface of conductive layer 16 within opening 20.
In one embodiment, seed layer 22 is deposited non-confor-
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mally so as notto be formed on sidewalls of dielectric layer 18
of opening 22. Seed layer 22 includes a plurality of discrete
seeds which are spaced apart, and thus isolated, from each
other. [llustrated in F1G. 5 is an exemplary discrete seed 24. In
one embodiment, seed layer 22 is cobalt, such that each
discrete seed is cobalt. Alternatively, other materials or alloys
may be used, such as, for example, palladium, platinum, or
alloys thereof.

FIG. 6 illustrates semiconductor device 10 of FIG. 5 at a
subsequent stage in processing. In FIG. 6, a layer 26 of
conductive nanotubes is formed as directed by seed layer 22.
That is, a conductive nanotube, such as exemplary nanotube
28, is formed on each discrete seed of seed layer 22. For
example, the conductive nanotubes may be formed using a
gas phase deposition process at a temperature of less than 600
degrees Celsius, or preferably, less than 450 degrees Celsius.
In one embodiment, conductive nanotubes 26 are formed of
carbon. Alternatively, they may be formed of other materials,
such as, for example, zinc oxide, titanium oxides, copper,
boron nitride, and silicon. Layer 26 of conductive nanotubes
is formed to a desired via height. Note that layer 26 of con-
ductive nanotubes is a homogeneous layer which is uniform
in structure and composition throughout. That is, each of the
conductive nanotubes of layer 26 are of the same type, formed
of the same material. Therefore, the conductive nanotubes are
homogeneous. Also, note that the conductive nanotubes of
layer 26 are simultaneously grown from the seeds of seed
layer 22, both from the seeds over dielectric layer 18 and from
the seeds over conductive layer 16 within opening 22.

Note that each nanotube of layer 26 is a conductive nano-
tube. A conductive nanotube is a nanotube which conducts
through the center portion of the tube, along the length of the
tube, and not perpendicular to the hoop of the tube. Therefore,
referring to exemplary nanotube 28, current flows through the
center portion of nanotube 28, perpendicular to the top sur-
face of conductive layer 16 within opening 22. In contrast, a
non-conductive nanotube is a nanotube which cannot conduct
electricity through its center portion, along the length of the
tube. Note that, for either conductive or non-conductive nano-
tubes, no electrons are conducted between laterally adjacent
nanotubes. Therefore, within layer 26, current is not con-
ducted laterally between conductive nanotubes in a direction
that is substantially parallel to top surfaces of dielectric layer
18 and conductive layer 26.

FIG. 7 illustrates semiconductor device 10 of FIG. 6 at a
subsequent stage in processing in which a heat cycle, i.e.
anneal, is performed. During the heat cycle, seed layer 22 is
absorbed by the underlying layer. For example, seed layer 22
is absorbed into conductive layer 16 within opening 22 and
forms an alloy and is absorbed into dielectric layer 18 outside
of' opening 22. In one embodiment in which conductive layer
14 includes copper and conductive layer 16 includes titanium/
tantalum, an alloy including cobalt, titanium, and tantalum is
formed within opening 22 as a result of the anneal. The
absorption of the seeds into the underlying layer provides
protection against formation of any leakage path which may
occur if the conductive seeds were to remain along the surface
of dielectric layer 18.

Still referring to FIG. 7, note that a first plurality of con-
ductive nanotubes of layer 26 is formed within opening 22
and thus on seeds which are on conductive layer 16 and a
second plurality of conductive nanotubes of layer 26 is
formed on seeds which are on dielectric layer 18. Due to the
presence of dielectric layer 18, electrons are unable to enter
the conductive nanotubes which are formed over dielectric
layer 18. However, for those conductive nanotubes which are
formed over conductive layer 16 and not over dielectric layer
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18, electrons are able to enter the conductive nanotubes,
assuming a top of the nanotubes are in contact with a conduc-
tor, which will be described below. Therefore, only the first
plurality of conductive nanotubes of layer 26 are capable of
transferring current between conductive layer 14 and a sub-
sequently formed conductive layer over layer 26. That is, the
first plurality of conductive nanotubes form a conductive via
between conductive layer 14 and a subsequently formed con-
ductive layer, as will be described below. The second plurality
of conductive nanotubes of layer 26 therefore operate as an
interlayer dielectric layer surrounding the conductive via. In
this manner, different portions of a same layer, i.e. layer 26,
may operate as the conductive via and the interlayer dielec-
tric. Furthermore, note that the conductive nanotubes of the
first plurality (those used as the conductive via) and the con-
ductive nanotubes of the second plurality (those used as the
interlayer dielectric) are not only of the same type but are also
formed at the same time.

FIG. 8 illustrates semiconductor device 10 at a subsequent
stage in processing in which a dielectric layer 30 is formed
over layer 26. In one embodiment, dielectric layer 30 is con-
formally deposited over layer 26. The next metal layer will be
inlaid within dielectric layer 30. Therefore, in one embodi-
ment, dielectric layer 30 may be a low-k dielectric layer. In
one embodiment, dielectric layer 30 may be a layer of con-
ductive nanotubes, similar to layer 26. In this embodiment, an
additional dielectric layer, similar to dielectric layer 18, may
first be formed over layer 26 such that dielectric layer 30 is
formed over this additional dielectric layer.

FIG. 9 illustrates semiconductor device 10 at a subsequent
stage in processing in which dielectric layer 30 is patterned
and etched to form an opening 32 which extends through
dielectric layer 30 (and any additional dielectric layer that
may be present) to conductive nanotubes of layer 26.

FIG. 10 illustrates semiconductor device 10 at a subse-
quent stage in processing. In FIG. 10, a barrier layer 34 is
formed within opening 32, along sidewalls of dielectric layer
30 and on the conductive nanotubes of layer 26 exposed by
opening 32, and a conductive layer 36 is also formed within
opening 32, over barrier layer 34. In one embodiment, barrier
layer 34 and conductive layer 36 are formed by blanket depo-
sition followed by a chemical mechanical polish. Barrier
layer 34 and conductive layer 36 may collectively be referred
to as a metal contact. In one embodiment, barrier layer 34
includes titanium, and, in one embodiment, conductive layer
36 includes copper. Therefore, note that a first plurality of
conductive nanotubes of layer 26 which connect between
conductive layer 16 and barrier layer 34 (and thus electrically
contact both conductive layer 16 and barrier layer 34) operate
as a conductive via (i.e. a via conductor) between conductive
line 14 and conductive layer 36 and a second plurality of
conductive nanotubes of layer 26 which surround the conduc-
tive via and which contact at least one of dielectric layer 18 or
dielectric layer 30 operate as the interlayer dielectric.

Therefore, by now it can be appreciated how different
portions of a homogeneous layer of conductive nanotubes is
capable of operating as a conductive via or an interlayer
dielectric. In this manner, the advantages of the nanotubes can
be utilized for both the interlayer dielectric and the conduc-
tive via within a same homogeneous layer.

Moreover, the terms “front,” “back,” “top,” “bottom,”
“over,” “under” and the like in the description and in the
claims, if any, are used for descriptive purposes and not nec-
essarily for describing permanent relative positions. It is
understood that the terms so used are interchangeable under
appropriate circumstances such that the embodiments of the



US 9,224,692 B2

5

invention described herein are, for example, capable of opera-
tion in other orientations than those illustrated or otherwise
described herein.

Although the invention is described herein with reference
to specific embodiments, various modifications and changes
can be made without departing from the scope of the present
invention as set forth in the claims below. For example, con-
ductive nanotubes may be used as the interlayer dielectric and
conductive via for any one or more interconnect layers of
semiconductor device 10. Accordingly, the specification and
figures are to be regarded in an illustrative rather than a
restrictive sense, and all such modifications are intended to be
included within the scope of the present invention. Any ben-
efits, advantages, or solutions to problems that are described
herein with regard to specific embodiments are not intended
to be construed as a critical, required, or essential feature or
element of any or all the claims.

Furthermore, the terms “a” or “an,” as used herein, are
defined as one or more than one. Also, the use of introductory
phrases such as “at least one” and “one or more” in the claims
should not be construed to imply that the introduction of
another claim element by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
element to inventions containing only one such element, even
when the same claim includes the introductory phrases “one
ormore” or “at least one” and indefinite articles such as “a” or
“an.” The same holds true for the use of definite articles.

Unless stated otherwise, terms such as “first” and “second”
are used to arbitrarily distinguish between the elements such
terms describe. Thus, these terms are not necessarily intended
to indicate temporal or other prioritization of such elements.

The following are various embodiments of the present
invention.

Item 1 includes a semiconductor device including a sub-
strate; a conductive layer over the substrate; a first dielectric
layer over the conductive layer, the dielectric layer having a
first opening; a first plurality of conductive nanotubes over the
dielectric layer; a second plurality of conductive nanotubes
over the first opening in the dielectric layer; a second dielec-
tric layer above the first plurality of conductive nanotubes and
the second plurality of conductive nanotubes, the second
dielectric layer having a second opening that is over the
second plurality of conductive nanotubes; and a metal mate-
rial in the second opening to form electrical contact between
the conductive layer and the metal material through the sec-
ond plurality of conductive nanotubes. Item 2 includes the
semiconductor device of item 1, wherein the first plurality
and second plurality of conductive nanotubes are homoge-
neous. Item 3 includes the semiconductor device of item 1,
wherein the conductive nanotubes of the first and second
pluralities of conductive nanotubes are carbon nanotubes.
Item 4 includes the semiconductor device of item 1, wherein
the first dielectric layer includes one of a group consisting of
an oxide and nitride. Item 5 includes the semiconductor
device of item 1, wherein an alloy between the second plu-
rality of conductive nanotubes and the conductive layer
includes cobalt. Item 6 includes the semiconductor device of
item 5, wherein the metal layer includes a copper layer and a
layer including titanium and tantalum. Item 7 includes the
semiconductor device of item 1, wherein the metal material
includes a first metal layer contacting a sidewall of the second
opening and tops of the second plurality of conductive nanoc-
rystals and a metal fill for filling the second opening. Item 8
includes the semiconductor device of item 7, wherein the
metal fill includes copper.

Ttem 9 includes a method of forming a semiconductor
device over a substrate, including forming a first conductive
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layer over the substrate; forming a first dielectric layer over
the first conductive layer; forming a first opening in the first
dielectric layer; depositing a seed layer over the first dielectric
layer and in the first opening; forming a layer of conductive
nanotubes from the seed layer over the first dielectric layer
and over the first opening; forming a second dielectric over
the layer of conductive nanotubes; forming an opening in the
second dielectric layer over the first opening; and depositing
conductive material in the second opening. Item 10 includes
the method of item 9, wherein the step of forming the first
conductive layer includes forming a copper layer; forming a
titanium/tantalum layer on the copper layer. Iltem 11 includes
the method of item 9, wherein the step of depositing the seed
layer includes forming a cobalt layer. Item 12 includes the
method of item 11, wherein the step of depositing the seed
layer is further characterized by the cobalt layer including
discrete seeds of cobalt that are spaced apart. Item 13 includes
the method of item 9, wherein step of forming the layer of
conductive nanotubes is further characterized by the conduc-
tive nanotubes including carbon nanotubes. Item 14 includes
the method of item 13, wherein the step of forming the layer
of nanotubes is further characterized by the layer of nano-
tubes being homogeneous. Item 15 includes the method of
item 9, wherein the step of depositing conductive material
includes depositing copper. Item 16 includes the method of
item 15, wherein the step of depositing conductive material
further includes depositing a barrier metal prior to depositing
the copper. [tem 17 includes the method of item 9, and further
includes performing an anneal to cause the seed layer to form
an alloy with the conductive layer. Iltem 18 includes the
method of item 17, wherein the step of annealing causes the
seed layer on the first dielectric layer to be absorbed by the
first dielectric layer.

Item 19 includes a method of forming a via, including
forming a conductive line over a substrate; forming an insu-
lating layer over the conductive line; forming an opening in
the insulating layer to expose a portion of the conductive line;
forming a discrete seeds that are apart, a first plurality of the
discrete seeds being on the portion of the conductive line that
is exposed, a second plurality of the discrete seeds being on
the insulating layer; simultaneously growing conductive
nanotubes on the first plurality of discrete seeds and on the
second plurality of discrete seeds; forming a metal contact to
the conductive nanotubes grown from the first plurality of
seeds, whereby the conductive nanotubes that are grown from
the first plurality of seeds and that are in contact the metal
contact function as the via, the via electrically connecting the
metal contact to the conductive line. Item 20 include the
method of item 19 and further includes forming an insulating
layer over the conductive nanotubes, wherein the insulating
layer has an opening and the metal contact is in the opening.

What is claimed is:

1. A semiconductor device, comprising:

a substrate;

a conductive layer over the substrate;

a first dielectric layer over the conductive layer, the dielec-
tric layer having a first opening;

a first plurality of conductive nanotubes over the dielectric
layer;

a second plurality of conductive nanotubes over the first
opening in the dielectric layer;

a second dielectric layer above the first plurality of con-
ductive nanotubes and the second plurality of conduc-
tive nanotubes, the second dielectric layer having a sec-
ond opening that is over the second plurality of
conductive nanotubes; and
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a conductive material in the second opening to form elec-
trical contact between the conductive layer and the con-
ductive material through the second plurality of conduc-
tive nanotubes, wherein the first plurality of nanotubes
extends from the first dielectric layer to the second
dielectric layer and the second plurality of nanotubes
extends from the conductive layer to the conductive
material.

2. The semiconductor device of claim 1, wherein the first
plurality and second plurality of conductive nanotubes are
homogeneous.

3. The semiconductor device of claim 1, wherein the con-
ductive nanotubes of the first and second pluralities of con-
ductive nanotubes are carbon nanotubes.

4. The semiconductor device of claim 1, wherein the first
dielectric layer comprises one of a group consisting of an
oxide and nitride.

5. The semiconductor device of claim 1 wherein an alloy
between the second plurality of conductive nanotubes and the
conductive layer comprises cobalt.
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6. The semiconductor device of claim 5, wherein the metal
layer comprises a copper layer and a layer comprising tita-
nium and tantalum.

7. The semiconductor device of claim 1, wherein the metal
material comprises a first metal layer contacting a sidewall of
the second opening and tops of the second plurality of con-
ductive nanotubes and a metal fill for filling the second open-
ing.

8. The semiconductor device of claim 7, wherein the con-
ductive material comprises copper.

9. The semiconductor device of claim 1, wherein the sec-
ond plurality of nanotubes is characterized as a conductive via
and the first plurality of nanotubes is characterized as an
interlayer dielectric surrounding the conductive via.

10. The semiconductor device of claim 1, wherein the
conductive material comprises a metal.



